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ABSTRACT: Organic heterojunctions (OHJs) consisting of a
strong electron acceptor 1,4,5,8,9,11-hexaazatriphenylene hex-
acarbonitrile (HAT-CN) and an electron donor N,N′-
di(naphthalene-1-yl)-N,N′-diphenyl-benzidine (NPB) were
demonstrated for the first time that they can be implemented
as effective modification layers between hole transport layer
(HTL) and emission layer in the heterostructured organic
light-emitting field effect transistors (OLEFETs). The influence
of both HAT-CN/NPB junction (npJ) and NPB/HAT-CN
junction (pnJ) on the optoelectronic performance of OLEFETs
were conscientiously investigated. It is found that both the transport ability of holes and the injection ability of holes into
emissive layer can be dramatically improved via the charge transfer of the OHJs and that between HAT-CN and the HTL.
Consequently, OLEFETs with pnJ present optimal performance of an external quantum efficiency (EQE) of 3.3% at brightness
of 2630 cdm−2 and the ones with npJs show an EQE of 4.7% at brightness of 4620 cdm−2. By further utilizing npn OHJs of HAT-
CN/NPB/HAT-CN, superior optoelectronic performance with an EQE of 4.7% at brightness of 8350 cdm−2 and on/off ratio of
1 × 105 is obtained. The results demonstrate the great practicality of implementing OHJs as effective modification layers in
heterostructured OLEFETs.
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■ INTRODUCTION

Organic light-emitting field-effect transistor (OLEFET) is a
promising low-cost display technology as a result of integrated
switching function of field-effect transistors and luminescence
function of organic light-emitting devices (OLEDs), which
ensure them fascinating applications in the fields of flat panel
displays, sensors, optical communication, and potentially,
electrically driven organic lasers.1−8 During the past decade,
great efforts have been made to improve the performance of the
OLEFETs such as developing or adopting organic materials
with high carrier mobilities,9,10 optimizing electrode and device
structures,11−14 employing interfacial doping techniques, and so
on.15 Although both the optical and electrical performance of
the OLEFETs has a very big enhancement, there is still a large
gap from practical applications.
Generally, heterostructured OLEFETs16−21 consisting of an

emissive layer (EML) and a p-type and/or a n-type carrier
transport layer (CTL) rather than a single active layer22−24

bring high flexibility of structure design and increase the
potential in achieving better overall performance especially in
on/off ratio due to their advantages of that (1) CTL materials
with high carrier mobilities and EML materials with high
photoluminescene quantum yield (PLQY) can be simulta-

neously adopted; (2) exciton formation and carrier accumu-
lation zones are restricted in different layers leading to reduced
charge-exciton quenching phenomenon. However, owing to
different energy levels of EML, CTL, and the source/drain (S/
D) electrodes, when incorporating CTL with high carrier
mobility and EML with high PLQY in an OLEFET, often there
are great energy barriers among the interface of them, which
will cause insufficient carrier injection from the S/D electrodes
or inefficient carrier migration between the organic active
layers, and then accounts for the difficulty in obtaining high
external quantum efficiency (EQE) and high brightness
simultaneously for most heterostructured OLEFETs. Many
methods such as asymmetric S/D electrodes25 and interfacial
modification for the electrode/active layer26 and the insulator/
active layer27 have been studied to overcome this conflict.
However, attempts on the interfacial modification between
organic active layers have been rarely reported.
Distinct from the inorganic pn junctions that are usually

depleted, organic heterojunctions (OHJs) composed of a p-
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type organic semiconductor (OSC) and a n-type OSC are
usually accumulated with high conductivity, which enables
them wide applications in organic electronics.28−30 Namely,
OHJ can be considered as an effective charge generation layer
in tandem OLEDs, where the generated electrons and holes can
inject from the opposite direction into the two sub-OLEDs,
respectively, and recombine with the carriers injected from the
electrodes, leading to great improvement for characteristics
such as brightness and current efficiency.30,31

Here, we demonstrate for the first time that OHJs can be
utilized as an efficient modification layer between a hole
transport layer (HTL) and an EML for heterostructured
OLEFETs. OHJs of both pn junction and np junction were
carefully investigated. It is found that the charge generation
from the OHJs and the charge transfer between the n-type
OSC of OHJs and the HTL can significantly enhance both the
hole transport ability of the HTL and the hole injection ability
into the EML, which accounts for almost 1 order of magnitude
increase for EQE with high brightness. By further implementing
npn junction as the modification layer, state-of-the-art perform-
ance with EQE of 4.7% at brightness of 8350 cdm−2 as well as
the on/off ratio >1 × 105 was obtained. The novel and efficient
OHJ interfacial modification enables much flexibility in
selection of the active materials and avoids using sophisticated
asymmetric S/D electrodes, which is of great significance for
realizing high-performance, simple-process, and multicolor
OLEFETs in the future.

■ RESULTS AND DISCUSSION

Three kinds of device structures are involved in this work
including two with different OHJ modifications and a control
one without modification. Figure 1a shows the two OHJ
modified device structures. Figure 1b, c gives the energy levels
and molecular structures of the organic materials used in this
work, respectively. The OLEFETs were fabricated by using
poly-4-vinylphenol (PVP, 420 nm)/polystyrene (PS, 30 nm) as

the dielectric on ITO substrate. Pentacene (12 nm) was used as
the HTL because of its high hole mobility. The OHJs were
constructed by N,N′-di(naphthalene-1-yl)-N,N′-diphenyl-ben-
zidine (NPB, 10 nm) and 1,4,5,8,9,11-hexaazatriphenylene
hexacarbonitrile (HAT-CN). According to the deposition
sequence, we define HAT-CN/NPB as the np junction (npJ)
and NPB/HAT-CN as the pn junction (pnJ). The EML is 4,4′-
b i s ( c a r b a z o l - 9 - y l ) b i p h en y l (CBP) : F a c - t r i s ( 2 -
phenylpyridinato)iridium(III) (Ir(ppy)3) (20 nm, 6 wt %), a
typical host−guest matrix used in OLEDs. Bathophenanthro-
line (Bphen, 14 nm) was used as the electron-injection layer
and hole-blocking layer due to the suitable highest occupied
molecular orbital (HOMO) level (−6.4 eV) (see Figure 1b).
Ag (50 nm) was used as the S/D electrodes, before which an
ultrathin layer of Al (1 nm) was inserted to further promote the
electron injection as reported in the OLEDs.32,33

It is known that charge transfer will probably occur when
HAT-CN contacts with suitable HOMO-level p-type
OSCs:34,35 the electrons in the HOMO level of the p-type
OSC will transfer to the lowest unoccupied molecular orbital
(LUMO) level of HAT-CN, leaving holes in the HOMO level
of the p-type OSC.36 We first confirm the existence of charge
transfer between HAT-CN and NPB. Figure 2a shows the UV−
vis−NIR absorption spectra of HAT-CN, NPB, and HAT-CN-
doped NPB (50 mol % HAT-CN) films. A red-shift absorption
band occurred with a newly emerged peak at around 800 nm in
the blend film, which is a sign of the charge transfer between
HAT-CN and NPB.34 Furthermore, considering that HAT-CN
was deposited on the top of pentacene film for npJ device,
charge transfer may also occur between HAT-CN and
pentacene because of the low HOMO level of pentacene.
Figure 2b gives the UV−vis−NIR absorption spectra of
pentacene, HAT-CN, and HAT-CN-doped pentacene (50
mol % HAT-CN) films. The red-shift peak around 950 nm in
the HAT-CN-doped pentacene film indicates that the charge
transfer phenomenon also exists between HAT-CN and
pentacene.

Figure 1. (a) Schematic of the heterostructured OLEFETs, the OHJs include HAT-CN/NPB (npJ) and NPB/HAT-CN (pnJ). (b) Energy-level
diagram of organic materials. (c) Molecular structures of the active materials used.
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We have investigated npJ and pnJ devices with different
thickness of HAT-CN and found that the maximum drain
current (IDS) for both devices increases significantly with the
increasing of the thickness of HAT-CN, as is shown in Figures
S1a and S2a. Figure S3 shows the atomic force microscope
(AFM) images for 0, 1, 2, and 4 nm HAT-CN films grown on
top of pentacene and NPB films. It can be seen that the
nucleation of HAT-CN on both pentacene and NPB becomes
denser and larger as the thickness of HAT-CN increases, which
means larger contact area. The increasing maximum IDS for
thicker HAT-CN probably resulted from the better contact
because stronger charge transfer can occur between HAT-CN
and pentacene or NPB. The hole mobility calculated in the
saturated region of the transfer curves also increases
accordingly from 0.026 to 0.43 cm2 V−1 s−1 for npJ and from
0.13 to 1.28 cm2 V−1 s−1 for pnJ, respectively, as listed in Table
1. The elevated hole mobility is probably resulted from the
filling of the charge traps of pentacene by the extra charges37−39

generated from the charge transfer between HAT-CN and
pentacene or NPB.
The light emission becomes more intense as the drain

current increases, which is in agreement with that for unipolar
OLEFETs in the literature.40,41 The maximum brightness of
9350 cdm−2 and 14290 cdm−2 is obtained for npJ and pnJ
devices with 4 nm HAT-CN, respectively (see Figures S1b and
S2b). However, the EQE represents much decrease from 5.2 to
3.7% and 3.3 to 1.2% for npJ and pnJ devices, respectively, as
HAT-CN increases from 1 to 4 nm. The decrease of EQE is
probably attributed to the overbalance of holes and electrons
resulting from the greatly increased hole current. Considering
the better EQE at relatively high brightness (>2500 cdm−2), we

will focus on npJ device with 2 nm HAT-CN and pnJ device
with 1 nm HAT-CN in the following discussion.
Figure 3a presents the electrical and optical transfer curves of

the control device, npJ device and pnJ device at drain to source
voltage VDS= −100 V. All the devices exhibit typical p-type
characteristic, which can be also verified by their output curves
in Figures S4ac and S5a, where distinct linear and saturation
regimes can be found. The maximum IDS and hole mobility for
control device are ∼3 μA and 0.002 cm2 V−1 s−1, respectively.
Remarkably, the maximum IDS for both npJ device and pnJ
device reaches above 100 μA, which is more than 30 times
higher than that of the control device. The hole mobilities also
increase to 0.15 cm2 V−1 s−1 and 0.13 cm2 V−1 s−1 for npJ
device and pnJ device, respectively. The significant enhance-
ment of hole transport ability for OHJs devices can be
attributed to the charge transfer processes under the source
electrode. For better interpretation, we present the operating
mechanism for common unipolar OLEFETs, i.e., the control
device, in Figure 3c-2, which contains: (a) hole injection from
the source electrode into pentacene via the above Bphen/
CBP:Ir(ppy)3 layers; (b) hole accumulation and transportation
along the interface of dielectric/pentacene toward the drain
electrode due to the field effect; (c) hole injection into CBP
followed by exciton formation with the electrons injected from
the drain electrode; (d) exciton recombination radiation and
light emission under the drain electrode. The above processes
indicate that the large energy barrier between the work function
of Ag and the HOMO level of pentacene as well as the hole
blocking effect of Bphen/CBP:Ir(ppy)3 under the source
electrode is mainly responsible for the small hole current in
the control device. According to Sun’s investigation,42 the
electrons and holes generated from the charge transfer of an
OHJ can separate effectively when the OHJ is biased under
reverse electric field (electric field directs from HAT-CN to p-
type OSCs). As for the pnJ device, when operating in the hole
accumulation mode (gate to source voltage VGS < 0, VDS < 0),
the electric field beneath the source electrode points primarily
from HAT-CN to NPB, as shown in Figure 3c-1. Assisted by
the electric field, extra holes can be generated in the HOMO
level of NPB and successively inject into pentacene under the
source electrode. The generated holes together with the holes
injected directly from the source electrode form the current
channel, leading to the increase of the IDS. However, the
direction of electric field under the source electrode is not
conducive to the above charge transfer process with regard to
the npJ device. Fortunately, the OHJ formed between HAT-
CN and pentacene would be biased under reverse electric field,
which enables more holes generated in the HOMO level of

Figure 2. (a) UV−vis−NIR absorption spectra of NPB film (60 nm),
HAT-CN film (60 nm), and HAT-CN-doped NPB film (60 nm, 50
mol % HAT-CN). (b) UV−vis−NIR absorption spectra of pentacene
film (60 nm), HAT-CN film (60 nm), and HAT-CN-doped pentacene
film (60 nm, 50 mol % HAT-CN).

Table 1. Summary of the Optical and Electrical Performance for OLEFETs with Different Structuresa

OHJs
thickness
(nm)

max brightness
(cdm−2)

EQE at max
brightness (%)

max emission zone
width (μm)

recombination efficiency at max
brightness (%)

on/off
ratio

mobility
(cm2 V−1 s−1)

control 10 ± 1 0.46 ± 0.05 60 2.6 ± 0.3 1 × 104 0.0024
HAT/NPB (npJ) 1/10 1610 ± 50 5.2 ± 0.3 100 29.5 ± 1.7 1 × 104 0.026

2/10 4620 ± 80 4.7 ± 0.3 140 26.7 ± 1.7 1 × 105 0.15
4/10 9350 ± 200 3.7 ± 0.3 140 21.0 ± 1.7 1 × 105 0.43

NPB/HAT (pnJ) 10/1 2630 ± 80 3.3 ± 0.2 120 18.8 ± 1.1 1 × 105 0.13
10/2 12730 ± 300 2.2 ± 0.1 120 12.5 ± 0.6 1 × 105 1.16
10/4 14290 ± 300 1.2 ± 0.1 120 6.8 ± 0.6 1 × 105 1.28

HAT/NPB/HAT
(npnJ)

2/10/1 8350 ± 200 4.7 ± 0.3 140 26.5 ± 1.7 1 × 105 0.66

aAverage values for at least five devices, errors given are the standard deviation of the results.
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pentacene and accumulated in the channel, accounting for the
increase in IDS in the npJ device. It is notable that the
introduction of OHJs makes unconspicuous influence on the
off current, hence the on/off ratios increase more than 1 order
of magnitude to 1 × 105 for both npJ and pnJ devices.
The optical characteristics also agree well with those for

unipolar OLEFETs as the light emission intensity increases
with the increasing of the drain current and the emission zone
mainly exists beneath the electron injection electrode (drain
electrode). Figure S6a displays the optical microphotographs of
the emission zones for the npJ device when VDS = −100 V and
VGS varies from −70 V to −120 V with step of −10 V. We also
profiled the emission intensity across the device channel and
partial electrodes (Figure S6b) to obtain accurate emission
zone widths (full width at half-maximum, fwhm) based on the
given microphotographs. As the VGS increases negatively, the
light emission area extends gradually underneath the electron
injection electrode concomitant with the progressively
enhanced brightness, indicating more holes are accumulating
under the drain electrode.43 The maximum width of the
emission zone is approximately 140 μm, which is potentially
useful for OLEFET-based display technology where large
aperture ratios with fine pixels are desired.44,45 The maximum
widths of the emission zone for other devices are listed in Table
1 addressed by the same method. The brightness for all the
three devices increases with the increasing of respective drain
current. The maximum brightness for npJ and pnJ devices
reaches ∼4620 cd m−2 and ∼2630 cd m−2, respectively, which
are hundreds of times higher than that of the control device
(∼10 cd m−2).

The EQE related to the transfer curves is shown in Figure 3b.
The EQE was calculated from the brightness, electro-
luminescent (EL) spectra (see Figure S6c), and drain current
assuming Lambertian emission. The EQE for the control device
is only 0.46% at the maximum brightness of 10 cd m−2. The
EQE for npJ device approaches to 4.7% at brightness up to
4620 cd m−2 and exhibits almost no degradation when VGS
changes from −90 V to −120 V. To the best of our knowledge,
such EQE along with the high brightness are the best results for
molecular OLEFETs. The EQE for pnJ device is 3.3% at the
maximum brightness of ∼2630 cd m−2. Figure S7 also presents
the EQE versus drain current and EQE versus brightness for
different devices. The variations of EQE with the change of
drain current or brightness seem identical for different devices:
for drain current higher than 1 μA or brightness higher than 5
cd m−2, the EQE first increases as the drain current
(brightness) gets higher and a maximum EQE appears, then
the EQE drops in certain degrees for different devices, which is
known as efficiency roll-off in OLEDs. It is also worth noting
that the abnormal value of EQE at low current (∼1 × 10−7 A)
or low brightness (<5 cd m−2) for the control device is
probably due to the inaccurate estimation of the emission area
because the light intensity is rather weak.
A deep insight into the origin of the improved EQE can be

given by the formular43

Φ = Φ Φ Φ ΦEQE out spin PL capture (1)

where ΦEQE is the calculated EQE, Φout is the outcoupling
efficiency, Φspin is a factor to take account of spin statistics, ΦPL
is the PLQY of the emitting material, and Φcapture is the
recombination efficiency (RE) determined by the capture of

Figure 3. (a) Electrical and optical transfer characteristics (VDS = −100 V) for control, npJ, and pnJ devices. (b) EQE as well as exciton
recombination efficiency corresponding to the transfer characteristics. (c) Schematic representations of the carrier injection and transport (C-2)
along with the charge transfer processes beneath the source electrode (C-1) and the drain electrode (C-3) for both npJ device and pnJ device. The
red arrows in C-1 and C-3 denote the directions of the electric field. The green arrow in C-2 denotes the light-emission direction. The “ × ” in the
bottom part of C-3 means that the charge transfer between NPB/HAT-CN is unlikely to occur under the drain electrode.
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hole and electrons. Φout can be assumed to be 20% for common
OLEDs,46 whereas Φspin ≈ 1 because phosphorescent emitting
material is used,47 and ΦPL is ∼88% obtained by the
experiment. The major difference in EQE comes from the
Φcapture. For intuitive comparison, we also plot the RE versus
VGS in Figure 3b. The RE for the control device is only 2.6%
while that for npJ and pnJ devices reaches 26.7 and 18.8%,
respectively, at their respective maximum brightness. The low
RE for the control device arises from the large hole injection
barrier (∼1 eV) between pentacene and CBP (see Figure 1b),
which results in poor hole injection efficiency into CBP under
the drain electrode. The use of NPB will facilitate the hole
injection by reducing the barrier, thus promoting the exciton
RE, which can be verified by the lower exciton RE (∼9.1%) and
brightness (∼1500 cd m−2) when the NPB is removed for the
npJ device (see Figure S8). As for the difference of exciton RE
between the npJ device and the pnJ device, we conjecture that
the charge transfer between HAT-CN and NPB under the drain
electrode for npJ device plays a crucial role. Because the electric
field under the drain electrode of the npJ device directs from
HAT-CN to NPB, the charge transfer between HAT-CN and
NPB could happen (see Figure 3c-3); therefore, the hole
injection into the EML would be more efficient, leading to the
higher exciton RE.
Two types of hole-only diode-structured devices with

different thickness of HAT-CN were fabricated to further
clarify the effect of the charge transfer of the OHJs on the
changes of the hole current under different electric fields: ITO/
pentacene/HAT-CN (x nm)/NPB/Au (device A), ITO/
pentacene/NPB/HAT-CN (x nm)/Au (device B). The
thickness of pentacene and NPB are 80 and 150 nm,
respectively. Figure 4 depicts the relationship between the
current density and voltage when ITO and Au is set as the
anode, respectively. As the thickness of HAT-CN becomes
thicker, the current density for device A represents a remarkable
increase when Au is set as the anode (Figure 4a) while it almost
keeps the same when ITO is set as the anode (Figure 4b). This

indicates that the charge transfer of NPB/HAT-CN is more
likely to happen when biased at a reverse electric field, which is
consistent with the conclusion that the drain current enhance-
ment for the pnJ device is originated from the charge transfer
between HAT-CN and NPB under the source electrode.
Similarly, as the thickness of HAT-CN increases, the current
density for device B continuously increases when ITO is set as
the anode (Figure 4d). This is also attributed to the reverse bias
condition of HAT-CN/NPB, which is the case under the drain
electrode for the npJ device. The current density of device B
also shows an enhancement as the thickness of HAT-CN
increases when Au is set as the anode (Figure 4c) indicating
that the charge transfer of HAT-CN/pentacene can also
promote the hole current under a reverse bias, which agrees
well with that under the source electrode for npJ device.
To take advantage of these charge transfer processes

completely, we designed and developed an OLEFET with
HAT-CN (2 nm)/NPB (10 nm)/HAT-CN (1 nm) (npnJ) as
the OHJ modification layer. Figure 5a shows the electrical and

optical transfer characteristics for VDS= −100 V. The npnJ
device presents higher drain current (also see the output curves
in Figure S5d) in comparison with those of the npJ and pnJ
devices (see Figure 3a) under identical VGS bias because charge
transfer of HAT-CN/NPB as well as pentacene/HAT-CH
occur concurrently under the source electrode. The well-
maintained high RE (Figure 5b) associated with the high
brightness confirms the favorable promotion of the hole
injection into CBP by virtue of the charge transfer of HAT-
CN/NPB under the drain electrode. The superior performance
with EQE of 4.7% at brightness of 8350 cd m−2 and on/off ratio
of 1 × 105 holds great promise for practical applications
especially in OLEFET-based display technology. Though the
operation voltages are quite high for current devices, methods
such as adopting high k insulating materials, shortening the
channel length, modifying charge transport layer with low
defects and lowering the barriers between the active layers
would be beneficial in reducing the operation voltages of the
devices.48−51 Moreover, considering the insufficient injection
and transport of the electrons, the electrode induced photon
absorption and possible metal-exciton quenching, better
performance of EQE as well as brightness could be expected
by doping the electron-injection layer and adopting electron
transport layer with comparable mobility to the HTL.52

Figure 4. Current density versus voltage for hole-only devices with
different structures: ITO/pentacene/NPB/HAT-CN (x nm)/Au
(device A), ITO/pentacene/HAT-CN (x nm)/NPB/Au (device B).
(a, c) Au is set as the anode and (b, d) ITO is set as the anode. The
thickness of pentacene and NPB are 80 and 150 nm, respectively. The
thickness of HAT-CN varies from 0 to 15 nm.

Figure 5. (a) Electrical and optical transfer characteristics (VDS =
−100 V) for npnJ device. (b) EQE and exciton recombination
efficiency corresponding to the transfer characteristics. Inset is the
optical microphotoscopy of the npnJ device at VDS = −100 V and VGS
= −120 V.
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■ CONCLUSION

In summary, we have demonstrated that the OHJs consisted of
HAT-CN and NPB can be an efficient interfacial modification
layer between the HTL and the EML of herterostructured
OLEFETs. The hole transport ability in the HTL and the hole
injection ability into the EML can be greatly enhanced as a
result of the charge transfer processes associated with the
adoption of OHJs with both npJ and pnJ. State-of-the-art
performance with EQE of 4.7% at brightness of 8350 cd m−2

with on/off ratio of 1 × 105 was achieved by further modifying
with npn OHJ of HAT-CN/NPB/HAT-CN. The greatly
improved performance afforded by incorporating OHJ
modifications manifests the importance of the interfacial
modification between the active layers for herterostructured
OLEFETs. The use of OHJs therefore also provide an
innovative route to realize high-performance, multicolored
OLEFETs because more alternative charge transport materials
with high mobility and emissive materials with high PLQY can
be available without much apprehension of the energy barriers.

■ EXPERIMENTAL SECTION
Device Fabrication. The PVP solution was prepared with poly(4-

vinylphenol) and poly(melamine-co-formaldehyde) (2:1 wt %)
dissolved in propylene glycol monomethyl ether acetate (PGMEA)
(90 mg/mL). The PVP solution was spun coated (30 s at 3000 rpm)
onto the cleaned indium tin oxide/glass substrates and then annealed
at 200 °C for 1 h to get the first 420 nm dielectric layer. The
polystyrene dissolved in toluene (6 mg/mL) was successively spin
coated (30 s at 3000 rpm) on PVP and annealed at 85 °C for 1 h.
Pentacene, HAT-CN, NPB, CBP: Ir(ppy)3, Bphen and Al were
successively thermal evaporated with the rate of 0.2, 0.1, 0.2, 2, 0.2, and
0.2 Å/s, respectively. Ag was thermally deposited through a shadow
mask with channel length and width of 45 and 3000 μm, respectively.
For fabrication of the hole-only devices, pentacene (80 nm), HAT (0,
3, 6, 10, 15 nm), NPB (150 nm) and Au (50 nm) were thermally
evaporated onto the ITO substrates at rates of 1, 1, 2, 5 Å/s,
respectively. Organic films of pentacene (60 nm, 1 Å/s), NPB (60 nm,
1 Å/s), HAT-CN (60 nm, 1 Å/s), HAT-CN-doped-pentacene (60 nm,
50% mol HAT-CN, 1 Å/s), and HAT-CN-doped-NPB (60 nm, 50%
mol HAT-CN, 1 Å/s) were thermally evaporated on the quartz
substrates for the UV−vis−NIR absorption spectra characterization.
The thickness and evaporation rates of the organic materials as well as
the electrodes were monitored by quartz-crystal oscillators and
calibrated ex situ using a surface profiler (Ambios XP-1). The
OLEFETs were encapsulated with UV glue in the glovebox (H2O, O2
< 0.1 ppm) before testing.
Device Characterization. The electrical characteristics were

performed by Keithley 4200 SCS at room temperature under air
ambient. The photocurrent was recorded by HAMAMATSU S1336
photodiode. The optical images were captured by Olympus BX51TRF
CCD microscope. The electroluminescence spectra were measured by
AvaSpec-ULS2048L fiber spectrometer. The absorption spectra were
recorded by Shimadzu UV-3101PC UV−vis−NIR spectrophotometer.
Absolute fluorescent quantum yield measurements were performed
with a calibrated integrating sphere on an Edinburgh FLS920
spectrometer. The atomic force microscopy (AFM) measurement
was performed on a Shimadzu SPM-9700. The carrier mobilities were
calculated by the formula for the saturation regime: IDS = μCi(W/
2L)(VGS − VT)

2, (where μ is the field-effect mobility, Ci is the gate
dielectric capacitance density, VT is the threshold voltage, andW and L
are the channel width and length, respectively). The photocurrent was
collected from the ITO side. The brightness was calculated by
comparing the photocurrent with a standard OLED of known
brightness (1000 cdm−2) and emission area (3 mm × 1 mm) with
structure of ITO/NPB/CBP:Ir(ppy)3/Bphen/LiF/Al. The EQE was
calculated from the brightness, the drain current, and the EL emission
spectrum assuming Lambertian emission.
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